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The oocytes of B6.YTIR sex-reversed female mice can be fertilized but the resultant embryos die at early cleavage stages. In the present study,
we examined chromosome segregation at meiotic divisions in the oocytes of XY female mice, compared to those of XX littermates. The timing
and frequency of oocyte maturation in culture were comparable between the oocytes from both types of females. At the first meiotic division, the
X- and Y-chromosomes segregated independently and were retained in oocytes at equal frequencies. However, more oocytes retained the correct
number of chromosomes than anticipated from random segregation. The oocytes that had reached MII-stage were activated by fertilization or
incubation with SrCl2. As expected, the majority of oocytes from XX females completed the second meiotic division and reached the 2-cell stage
in 24 h. By contrast, more than half of oocytes from XY females initially remained at the MII-stage while the rest precociously entered interphase
after SrCl2 activation; very few oocytes were seen at the second anaphase or telophase and they often showed impairment of sister–chromatid
separation. Eventually the majority of oocytes entered interphase and formed pronuclei, but very few reached the 2-cell stage. Similar results were
obtained after fertilization. We conclude that the XY chromosomal composition in oocyte leads to impairment in the progression of the second
meiotic division.
© 2006 Elsevier Inc. All rights reserved.Keywords: XY sex reversal; Oocyte; Meiosis; Chromosome segregationIntroduction
Successful embryonic development depends on proper
maturation of the oocyte prior to fertilization. In the oocyte
nucleus, segregation of homologous chromosomes at the first
meiotic division and separation of sister chromatids at the
second meiotic division are critical for ensuring the euploidy in
the zygote. In addition, a proper development of cytoplasmic
components in the oocyte is essential for carrying out meiotic
divisions and early embryo development. Our understanding of
the molecular mechanisms underlying oocyte development,
particularly interaction between nuclear and cytoplasmic
development, remains limited.⁎ Corresponding author. Urology Research Laboratory, Royal Victoria
Hospital, 687 Pine Av. W., Montreal, Quebec, Canada H3A 1A1. Fax: +1 514
843 1457.
E-mail address: teruko.taketo@mcgill.ca (T. Taketo).
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doi:10.1016/j.ydbio.2006.10.034The importance of pairing between the X- and Y-chromo-
somes in spermatogenesis has been well documented (Miklos,
1974; Matsuda et al., 1992; Sutcliffe et al., 1991; Burgoyne et al.,
1992). By contrast, pairing between the sex-chromosomes in
oogenesis does not appear to be as critical. In both XY sex-
reversed and XO females, although the sex-chromosomes fail to
pair during the meiotic prophase, many oocytes survive to adult
life (Burgoyne and Baker, 1985; Amleh et al., 2000). Themeiotic
pairing and recombination may instead play a critical role in the
segregation of homologous chromosomes at the first meiotic
division (Lamb et al., 1996; Hassold et al., 2000). Consequently,
the presence of univalent sex-chromosomes results in aneuploidy
to varying extents. Segregation of the single X-chromosome in
the XO female is complex. In one-third of its oocytes, the
univalent X-chromosome undergoes premature equational
division at anaphase I, so that a single chromatid is located
to each spindle pole (Hunt et al., 1995; LeMaire-Adkins et al.,
1997). In the remaining two-thirds of the oocytes, the intact X-
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polar body (LeMaire-Adkins and Hunt, 2000). Furthermore, the
presence of a univalent chromosome at the first meiotic division
appears to affect chromosome alignment and segregation at the
second meiotic division (LeMaire-Adkins et al., 1997). These
authors proposed a hypothesis that mammalian female meiosis
lacks a chromosome-mediated checkpoint control.
The consequence of X–Y pairing failure in the B6.YTIR
female has been only partially studied (Amleh et al., 2000). In the
present study, we examined chromosome segregation at the two
consecutive meiotic divisions in the oocytes of XY female mice.
The B6.YTIR mouse strain has been established by repeating
backcrosses to place the Y-chromosome, originated from a
variant ofMusmusculus domesticus found in Tirano, Italy, on the
C57BL/6J (B6) genetic background (Nagamine et al., 1987).
Similar sex reversal has also been reported using the Y-
chromosomes from other variants of Mus musculus domesticus
(Eicher et al., 1982; Biddle and Nishioka, 1988). The YTIR-
chromosome appears to remain intact during backcrosses
because it can initiate normal testicular differentiation on a
genetic background other than B6 (Nagamine et al., 1987; Lee
and Taketo, 1994; Albrecht et al., 2003). Therefore, sex reversal
in the B6.YTIR mouse can be attributed to the lack of coordination
between the YTIR-chromosome and the B6 genetic background
(Eicher et al., 1982; Taketo et al., 2005). The resultant XY sex-
reversed females are anatomically normal at young ages, but fail
to produce offspring (Eicher et al., 1982; Taketo-Hosotani et al.,
1989). Our previous studies have demonstrated that the primary
cause of infertility lies in the incompetence of the oocytes from
these females to initiate embryonic development (Merchant-
Larios et al., 1994; Amleh et al., 1996; Amleh and Taketo, 1998).
Furthermore, this failure can be attributed to defects in both
nuclear and cytoplasmic components of the zygote (Amleh et al.,
2000). Our current study shows that impairment of the second
metaphase spindle organization and that of sister chromatid
separation are two major defects in these oocytes.
Materials and methods
Mouse
All animal experiments were conducted in accordance with the Guide to the
Care andUse of Experimental Animal issued by the CanadianCouncil onAnimal
Care and with the approval by Animal Research Committee of McGill
University. B6.YTIR progeny were produced by caging B6.YTIR males (N30–
45 backcross generations) with B6 females (the Jackson Laboratory, Bar Harbor,
ME). The day of delivery was defined as 0 day postpartum (dpp). Upon weaning
at 20–25 dpp, ear punches were taken and digested overnight in a lysis buffer
containing 100 mM Tris–HCl (pH 8.0), 10 mM EDTA, 0.5% Tween-20, 0.5%
NP-40 (all chemicals, unless specified, were purchased from SIGMAChemicals,
St. Louis, MO), and 0.6 mg/ml proteinase K (Invitrogen, Burlington, ON). The
lysate was heat-treated and subjected to PCR amplification of the Y-encoded Zfy
gene using the primers and conditions designed by Nagamine et al. (1989).
Oocyte maturation in culture
XX and XY females at 25–29 dpp were injected intraperitoneally each with
5 IU equine chorionic gonadotropin and sacrificed 44–46 h later. Oocyte–
cumulus cell complexes (OCC) were isolated from antral follicles of the ovaries
and cultured for up to 21 h as described previously (Eppig et al., 1994; Amleh etal., 1996; O'Brien et al., 2003). The Waymouth medium (GIBCO/Life Science,
Grand island, NY) was used as a basic culture medium in early experiments for
the analyses of meiotic progression during maturation and Ca2+ mobilizations
after activation whereas the MEM-αmedium (GIBCO/Life Science) was used in
later experiments for the morphological and biochemical analyses of oocytes
after activation and fertilization. At various times in culture, OCCwere collected,
treated with 300 μg/ml hyaluronidase for 5 min at 37°C when necessary, and the
oocytes were denuded by repeated pipetting in the M2 medium (Hogan et al.,
1986) or KSOMmedium (Lawitts and Biggers, 1993) containing 25mMHEPES
buffer. In a series of experiments, the GV-stage oocytes that had been
spontaneously denuded were collected and subjected to maturation in culture.
Some oocytes in cumulus complexes were also collected and divided into two
groups, one intact and the other mechanically denuded. At the end of culture, the
oocytes in cumulus complexes were denuded as described above.
Activation of MII oocytes
MII-stage oocytes which had extruded the first polar body after in vitro
maturation for 19–21 h were transferred into a Ca2+-freeM16medium (Hogan et
al., 1986) containing 5 mM of SrCl2 and further incubated for 2 h. The oocytes
were then washed three times and cultured in the KSOM medium for up to 22 h.
In vitro fertilization
Spermatozoa were collected from the caudal epididymis of (B6xC3H)F1
virgin males at 10–14 weeks of age (Charles River, Constantine, Quebec) and
capacitated in a modified Tyrode solution under oil at 37°C for 1.5 h. MII-stage
oocytes, selected as described above, were transferred into a modified KSOM
medium (supplemented with 1 mg/ml glucose) containing diluted spermatozoa
under oil and further incubated for 4 h. After washings in the modified KSOM
medium, the oocytes were incubated in the KSOM medium for up to 20 h.
Immunocytochemical staining of microtubules
Oocytes were collected at varying times during and after maturation,
activation, or fertilization, and denuded when necessary as described above. The
oocytes were then fixed for 30 min at room temperature with a solution
containing 2% formaldehyde (Fisher Scientific, Fair Lawn, NJ), 100 mM Pipes
(pH 6.9), 1 mM EGTA, 1 mM MgSO4, and 0.1% Triton X-100 (Harrouk and
Clarke, 1993). In later studies, 2% formaldehyde (EM Science, Fort Washington,
PA) in the microtubule-stabilizing buffer (Messinger and Albertini, 1991) was
used for fixation of oocytes. The results were not different. The oocytes were
washed 5 times each for 10 min in a washing buffer (=PBS containing 0.1%
BSA) and incubated at room temperature for 30 min or at 4°C overnight in a
blocking buffer (=the washing buffer supplemented with 0.1% Triton X-100).
The oocytes were then transferred to the blocking buffer containing amouse anti-
α-tubulin antibody (Cedarlane Lab, Hornby, ON) at 1:1000 dilution and
incubated for 1 h or overnight. The oocytes were washed in the washing buffer
and transferred to the blocking buffer containing an anti-mouse IgG conjugated
with biotin or FITC (Pierce, Endogen, Rockford, IL) at 1:1000 dilution and
incubated for 30 min. When the biotin-conjugate was used, the oocytes were
washed and incubated in the blocking buffer containing 5 μg/ml avidin–FITC
(Pierce) for 30 min. After washing 5 times each for 5 min in the washing buffer
and five brief changes in H2O, the oocytes were placed on histology slides, air-
dried and mounted in the Prolong Antifade mounting medium (Molecular Probe,
Eugene, OR) supplemented with 0.3 μg/ml 4′,6-diamidine-2′-phenylindole
dihydrochloride (DAPI) (Behringer Mannheim, Germany). The slides were
examined under a fluorescence microscope (Zeiss Axiophot, Germany). All
images were captured with a digital camera (Retiga 1300, QImaging, Burnaby,
BC) and processed with Northern Eclipse digital imaging software, version 6.0
(Empix Imaging, Mississauga, ON).
Fluorescence in situ hybridization (FISH) detection of the X- and
Y-chromosomes
Metaphase chromosome spreading slides were previously prepared from the
oocytes matured for 17–19 h in culture (Amleh et al., 2000). The biotin-labeled
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chromosome probe was prepared by nick-translation of a Y-specific DNA
fragment 145SC5 (Nishioka, 1988) with incorporation of biotin-14-dATP
(Behringer Mannheim). The chromosome preparations on histology slides were
digested with 0.5 μg/ml proteinase K, washed, and dehydrated through a series
of increasing concentrations of ethanol. The slides were then denatured in
prewarmed 70% formamide (Fisher Scientific) in 2× SSC (Sambrook et al.,
1989) at 65°C for 2 min, quenched in gradient concentrations of ice-cold
ethanol, and hybridized with the X- and Y-probes at 84°C for 2 min and then at
42°C overnight. Next morning, the slides were washed in 50% formamide in 2×
SSC at 45°C twice, 0.1× SSC at 45°C twice, and then a blocking solution at
37°C for 20 min. Biotin signals were detected by avidin–Cy3 (Pierce), mounted
in the Prolong Antifade mounting medium supplemented with DAPI and
examined under a fluorescence microscope as described above.
Fluorescence recording of [Ca2+]i
[Ca2+]i measurements were carried out as previously described (Jellerette et
al., 2004). Briefly, MII-oocytes after in vitro maturation in the Waymouth
medium were loaded with 1 μM fura-2 acetoxymethylester supplemented with
0.02% pluronic acid (Molecular Probes) for 20 min at room temperature. Ca2+
values were monitored using a Nikon Diaphot microscope fitted for fluorescence
measurements. The oocytes from XY females and those from XX females were
monitored simultaneously. Fluorescence measurements were taken every 4–16 s
and extended for 10–120 min.
Western blotting
All chemicals and equipment for electrophoresis and transfer were
purchased from Bio-Rad (Mississauga, ON, Canada) unless specified. Pooled
oocytes at various times after activation were snap-frozen in a microfuge tube
and stored at −80°C. The samples were lysed in an appropriate volume of
sample buffer containing a reducing agent by boiling for 10 min, vortex-mixed,
and centrifuged. The supernatant, as well as a broad range biotinylated
molecular weight standard mix, was loaded on 12% polyacrylamide gel (PAG)
containing SDS. Proteins in the SDS–PAGEwere transferred electrophoretically
to 0.45 μm nitrocellulose membranes in the Tris–glycine buffer containing 20%
methanol, by using a Trans-Blot Cell apparatus. The membranes were blocked
with Start Block blocking buffer (Pierce) containing 0.05% Tween-20, and
incubated with a mouse monoclonal antibody against either phosphorylated or
total MAPK (New England Laboratory, Cell Signaling, Danvers, MA) at 1:1000
dilutions, or a rabbit polyclonal antibody against cyclin B1 (Santa Cruz, San
Francisco, CA) at 1:10,000 dilutions, in the blocking buffer. After washings, the
membranes were incubated with a goat either anti-mouse or anti-rabbit IgG
conjugated with biotin at 10,000 dilutions. After washings, the membranes wereFig. 1. Meiotic cell cycle progression in the oocytes from XX (a–f) and XY (g–l) fem
counter-staining of chromosomes (blue). (a and g) At the GV-stage; chromosomes are
membrane has disappeared and chromosomes are condensed (blue) while numerousm
are further condensed and surrounded by microspindles while fewer asters are seen i
assembled at the metaphase plate while some are dispersed near (d) or away from (j) the
extruding with a set of chromosomes. (f and l) At the MII-stage; a barrel-shaped spinincubated with the avidin conjugated with horseradish peroxidase (Cell
Signaling) at 1:1000 dilutions. The enzymatic activity was detected with a
Lumi-Light ECL kit (Roche Diagnostics, Laval, QC, Canada). The band
intensity was analyzed by α-Imager (Alpha Innotech, San Leandro, CA).
Statistical analyses
All experiments were repeated at least three times. Significant differences
among pooled results were analyzed by χ2-test. The variants between
experiments in each group were analyzed by Student's t-test.Results
Cell cycle progression during oocyte maturation in culture
We compared the morphology of oocytes from XY females
with those from XX females during maturation in culture.
Since the success of meiotic divisions depends on proper
assembly of metaphase chromosomes, we examined the orga-
nization of microspindles in addition to the behavior of
chromosomes. The oocytes from XX and XY females showed
similar morphological changes throughout maturation (Fig. 1).
The oocyte in OCC at the time of collection contained a large
membrane-enclosed nucleus, named germinal vesicle (GV)
(Figs. 1a and g). Numerous asters were formed in the
cytoplasm upon the resumption of meiosis (=GV breakdown)
(Figs. 1b, c, and h), and they rapidly disappeared with further
chromosome condensation. Microspindles were formed in a
barrel-shape around the first metaphase (MI) chromosomes
(Figs. 1d, i, and j). Metaphase chromosomes did not always
move to the MI plate in a synchronized manner in both XX and
XY oocytes (Figs. 1d and j). After the first meiotic division, a
set of chromosomes were extruded in the first polar body at the
first telophase (TI) (Figs. 1e and k), and the remaining
microtubules were reorganized around the second metaphase
(MII) chromosomes (Figs. 1f and l). In many oocytes from XY
females, the MII spindles were bulkier and asymmetric, how-
ever, normal compact and symmetrical spindles were also seen
(Fig. 1l).ales in culture. Immunocytochemical staining of microtubules (green) and DAPI
distributed within the nuclear membrane (arrows). (b and h) GVBD; the nuclear
icrotubule asters are formed in the cytoplasm. (c) At the PMI-stage; chromosomes
n the cytoplasm. (d, i, and j) At the MI-stage; most condensed chromosomes are
metaphase plate (arrows). (e and k) At the TI-stage; the first polar body (arrow) is
dle is formed around the second metaphase chromosomes (arrow).
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time course in meiotic cell cycle progression in culture (Fig. 2).
The majority of oocytes resumed meiosis and reached the MI-
stage within 4 h of culture. Then, the majority of oocytes
extruded the first polar body and entered the MII-stage within
15 h of culture. The proportions of MII-stage oocytes at 15 and
19 h were comparable between XX and XY females.
Effects of cumulus cells on oocyte maturation in culture
It is a common practice to use denuded oocytes for in vitro
maturation. However, many investigators have reported differ-
ent results between the maturation of oocytes in cumulus
complex and those denuded spontaneously (Cotticchio and
Fleming, 1998; Leonardsen et al., 2000; Su et al., 2001).
Although we used only oocytes in cumulus complex for above
studies, we were concerned about the influence of cumulus cells
on oocyte maturation, and perhaps quality, because oocytes in
cumulus complex from XY females were often half-denuded by
the end of culture while themajority of oocytes fromXX females
were enclosed in expanded cumulus cells (data not shown). We
did not know exactly at which stage the oocytes from XY
females shed off cumulus cells and how this loss of cumulus
cells influenced oocyte maturation. Accordingly, we examined
whether the conditions of oocytes at the beginning of culture
affect the meiotic cell cycle progression. We divided the oocytes
into three groups; GV-stage oocytes already denuded at the time
of collection (D group), GV-stage oocytes mechanically
denuded from cumulus complexes (OCC-D group), and oocytes
remaining in cumulus complexes (OCC group) (inevitably, their
stages at the time of collection could not be confirmed). Then,
we compared the meiotic cell cycle progression between three
groups as well as between the oocytes from XYand XX females.
Very different results were obtained with the oocytes in D
group and those in OCC group (Fig. 3). The oocytes in OCC-D
group showed intermediate patterns. After 2 h of culture, the
stages of oocytes were similar among the three groups. The
majority of oocytes from XX females underwent GVBD and a
small proportion of oocytes reached the MI–MII stages. A
smaller proportion of oocytes from XY females underwent
GVBD at this time point. Differences among the three groupsFig. 2. Meiotic cell cycle progression in the oocytes from XX (left) and XY (right) f
column while the total number of oocytes examined is given in parentheses at the to
experiments. DG, degenerated.began to appear with further culture. A significant proportion of
oocytes from XX females in D and OCC-D groups reached the
MI-stage at 4 h. However, the majority was found still at the
prometaphase (PMI)-stage in D group at 10 h, suggesting that
many oocytes at advanced (MI, AI, TI, and MII) stages at 4 h
disappeared with further culture. Only 26% of oocytes in D
group (in pooled data) reached the MII-stage at 15 h and 41%
did so at 20 h. By contrast, oocytes in OCC group steadily
progressed through meiotic cell cycle and 78% of oocytes
reached the MII-stage at 20 h. Significant differences were
found between D and OCC-D groups at all time points except
for 4 h and between D and OCC groups at all time points
examined. On the other hand, significant differences were found
between OCC-D and OCC groups only at 4 and 20 h.
A considerable proportion of oocytes from XY females in D
group remained at the GV-stage throughout culture. At 10 h,
28% and 12% of oocytes reached the MI- and MII-stages,
respectively. However, at the end of culture, only 26% were
found at the MII-stage. By contrast, steady progression of
meiotic cell cycle was seen in oocytes in OCC group and 72%
reached theMII-stage at 20 h. Significant differences were found
between D andOCC-D groups at 15 and 20 h and betweenOCC-
D and OCC groups at all time points except for 2 h.
The differences between the oocytes from XX females and
those from XY females were highly significant in D group, to a
lesser extent in OCC-D group, and only at the borderline in OCC
group. Thus, while the meiotic cell cycle progression was compa-
rable between the oocytes from the two types of femaleswhen they
were matured in OCC, quite different results were obtained when
oocytes had lost the contact with cumulus cells before culture.
Segregation of sex-chromosomes at the first meiotic division
Segregation of sex-chromosomes at the first meiotic division
was examined in chromosome spreading preparations made
previously (Amleh et al., 2000). Examples of FISH are shown in
Fig. 4. Although both the X- and Y-probes were labeled with
biotin, and therefore stained in the same red color, they could be
distinguished by their distinct sizes. The univalent X- and Y-
chromosomes were evident in the oocytes from XY females
prior to the first meiotic division (Fig. 4a). After extrusion of theemales in culture. The percentage of oocytes at each meiotic stage is given in a
p of each column. The data were pooled from 3 (4–10 h), 4 (15 h), and 5 (19 h)
Fig. 3. Meiotic cell cycle progression in the oocytes from XX (left) and XY (right) females in culture. Oocytes were either spontaneously denuded (D group; top),
mechanically denuded from cumulus complexes (OCC-D group; middle), or kept in cumulus complexes at the beginning of culture (OCC group; bottom). The total
number of oocytes examined from three experiments is given in parentheses at the top of each column. a,b,c Significant differences among the three groups (P<0.05).
*, **, ***Significant differences between the oocytes from XX and those from XY females at P<0.05, 0.01, and 0.001, respectively.
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observed in oocytes, either containing no sex-chromosome (Fig.
4c), only the Y-chromosome (Fig. 4d), only the X-chromosome
(Fig. 4e), or both sex-chromosomes (Fig. 4f). The number of
autosome sets was 19 in all preparations. In the oocytes from
XX females after the first meiotic division, two sister
chromatids of the single X-chromosome were seen held at the
centromere (Fig. 4b). No premature equational segregation was
noted in any of the chromosome spreading preparations.
The results of FISH analyses are summarized in Table 1. FISH
analyses were limited to the preparations that contained
chromosomes spreading beside the oocyte body. All oocytes
from XX females contained single X-chromosomes: one oocytewhich contained only 19 sets of sister chromatids was missing an
autosome set. For comparison, only 70% of oocytes from XY
females contained 20 sets of sister chromatids, and half of them
contained a singleX-chromosomewhile the other half contained a
single Y-chromosome. Of the remaining five oocytes, one
contained 19 sets of sister chromatids without any sex-chromo-
some whereas four contained 21 sets of sister chromatids
including both X- and Y-chromosomes. The proportion of
aneuploidy (30%) in the oocytes fromXY females is significantly
higher than that (4%) in the oocytes from XX females (χ2-test,
P<0.05). The proportions of oocytes with 19, 20 (with either X-
or Y-chromosome), and 21 sets of sister chromatids obtained in
FISH analyses were comparable to those in the previous data
Fig. 4. FISH detection of the X- and Y-chromosomes (red) in the oocytes at the first meiotic division with DAPI counter-staining of chromosomes (blue). (a) XYoocyte
at the MI-stage before chromosome segregation. Univalent X- and Y-chromosomes are seen. All autosomes are held at their chiasmata, giving tetroid structures. (b)
Oocyte from an XX female after the first meiotic division. Two sister chromatids of the single X-chromosome are held at their centromeres. (c) Oocyte from an XY
female after the first meiotic division, containing 19 sets of autosomes. (d) Oocyte from anXY female after the first meiotic division, containing 19 sets of autosomes and
single Y-chromosome. (e) Oocyte from an XY female after the first meiotic division, containing 19 sets of autosomes and single X-chromosome. (f) Oocyte from an XY
female after the first meiotic division, containing 19 sets of autosomes and single X- and Y-chromosomes. Two sister chromatids of the X-chromosome are held at their
centromeres.
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2000). In both experiments, the proportion of oocytes with 20 sets
of chromatids is higher than the 50% expected if the univalent X-
and Y-chromosomes underwent random segregation. Also, the
proportion of oocytes with 21 sets of sister chromatids is higher
than that of oocytes with 19 sets of sister chromatids.
Morphology of MII oocytes after in vitro maturation
Proper organization of second metaphase chromosomes and
microspindles in the oocyte is critical for successful cell cycle
progression after activation or fertilization. We, therefore,
selected MII-oocytes after in vitro maturation, based on
extrusion of the second polar body, and examined their
morphology (Table 2). 90% of MII-oocytes from XX females
contained condensed chromosomes on the second metaphase
plate, which was encompassed by slim microspindles with two
pointing poles in parallel to the cell membrane. For comparison,
45% of MII-oocytes from XY females contained similarTable 1
Sex-chromosome segregation in the oocytes from XX and XY females at the
first meiotic division in culture
Type # Total MII oocytes (%)
# Chromosomes
18+X 19+X 21
XX 23 4.3a 95.7 0
19 19+X 19+Y 19+XY
XY 17 5.9b 35.3 35.3 23.5c
a<b+c (P<0.05).metaphase spindles, but many of them were oriented vertically
to the cell membrane. In addition, 33% contained bulkier
microspindles with flat poles and the rest contained dispersed or
decondensed chromosomes, often without microspindles. Thus,
a higher proportion of MII-oocytes from XY females lacked
typical metaphase configuration.
Ca2+ oscillations
Intracellular Ca2+ signaling and storage are important for the
regulation of oocyte activation, cell cycle progression, and early
embryo development (Fissore et al., 2002; Ducibella et al.,
2002; Dumollard et al., 2004). Furthermore, complete matura-
tion of oocytes is reflected in Ca2+-oscillation patterns
following activation (Cheung et al., 2000). Accordingly, we
compared Ca2+-mobilization patterns in MII-oocytes from the
two types of females after in vitro maturation and either
insemination or SrCl2 activation (Fig. 5). Ca
2+-oscillations
occurred in eleven of twelve oocytes from XX females after
insemination and lasted up to 90 min. Similar Ca2+-oscillations
occurred in six of nine oocytes from XY females. The
remaining oocytes underwent lysis during monitoring. After
SrCl2 activation, Ca
2+-oscillations occurred in ten of fourteen
oocytes from XX females and in nine of ten oocytes from XY
females. The Ca2+-oscillations consistently started earlier and
continued at a higher frequency in the oocytes from XY
females, compared to those from XX females.
Cell cycle progression in oocytes after SrCl2 activation
Cell cycle progression after incubation of MII-oocytes with
5 mM SrCl2 for 2 h was examined by staining of chromatin and
Table 2
Morphology of MII-oocytes after in vitro maturation
Type Total # of oocytes Morphology of oocytes (% ±SEM)
Chromosomes Condensed Dispersed Decondensed
Microspindles Compact Bulky Absent Bulky Absent
XX 72 (n=6) 90.4±2.7 5.8±3.3 0 2.3±1.6 1.5±1.7
XY 59 (n=6) 45.2±8.1** 33.1±7.4* 1.7±1.8 12.2±6.4 7.8±5.2
*,** Statistical differences between the oocytes from two types of females at P <0.05 and 0.01, respectively.
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females showed morphological features as anticipated in the
normal cell cycle progression (Figs. 6a–e). MII-chromosomes
were divided into two groups and migrated to the both poles of
microspindles at the second anaphase (AII) (Figs. 6a and b). A
set of chromosomes was extruded from the oocyte at the second
telophase (TII) while the remaining chromosomes entered
interphase and formed a pronucleus (PN) (Figs. 6c and d). The
majority of oocytes underwent the first cell cleavage to form 2-
cell stage embryos (Fig. 6e). The progression from the MII to 2-
cell stage was steady with time after oocyte activation (Fig. 7).
About 80% of oocytes were released from the MII-arrest and
reached the AII- and TII-stages within 1.5 h after the initiation
of activation (hpa). The proportion of TII-oocytes increased to
over 40% at 2.5 hpa and 60% of oocytes formed PN in 4 hpa.
90% reached the 2-cell stage in 24 hpa.
By contrast, although the oocytes from XY females showed
all stages of cell cycle progression, many showed abnormal
morphological features (Figs. 6f–k). In particular, impairment
of sister chromatid separation was apparent in AII- and TII-
stage oocytes (Figs. 6g and h). In some TII-oocytes, the second
polar body was extruded but all chromosomal materials
remained in the oocyte (Fig. 6i). Furthermore, formation of
multiple PN was common (Fig. 6j). 2-cell stage embryos,
limited in number, were often asymmetrical and contained
multinuclei (Fig. 6k). Cell cycle progression in the oocytes from
XY females was also very different from that in the oocytes
from XX females (Fig. 7). About 60% of oocytes from XY
females initially remained at the MII-stage while 26% formed
PN without a sign of second meiotic division in 2.5 hpa. Very
few oocytes from XX females reached the PN-stage at this time
point. Less than 20% and 10% of oocytes from XY females
were seen at AII- and TII-stages, respectively, while the
majority of oocytes from XX females were seen at these stages
at the same time points. Eventually 75% of oocytes from XYFig. 5. Ca2+-spikes in the oocytes from XX and XY females after insemination (left)
oocytes observed with Ca2+-spikes per the total number of oocytes examined.females were released from the MII-arrest and 60% formed PN
in 4 hpa, but only 14% reached the 2-cell stage in 24 hpa. When
the proportions of oocytes at various cell cycle stages were
statistically analyzed, significant differences between the two
types of females were found at all time points examined (χ2-
test, P<0.001). Also, when the mean percentages of oocytes at
individual cell cycle stages were compared, significant
differences were found for excessive MII-oocytes from XY
females at 1.5–4.0 hpa, deficit in AII- and TII-oocytes at 1.5
and 2.5 hpa, respectively, and excessive PN-oocytes and deficit
in 2-cell embryos at 24 hpa (unpaired Student's t-test, P<0.05).
Thus, the evidence for successful second meiotic division was
rare in the oocytes from XY females, which eventually failed in
the initiation of embryonic development, after SrCl2 activation.
Cell cycle progression in oocytes after in vitro fertilization
Cell cycle progression was also examined in the oocytes after
in vitro fertilization (Fig. 7). Compared to those after SrCl2
activation, a larger proportion (26%) of oocytes from XY
females were seen at the AII-stage at 2.5 h after fertilization
(hpf), which was the earliest time point examined. However,
much fewer oocytes were seen at the AII- or TII-stage at 3.5 and
4.5 hpf while more than 18% of oocytes from XX females were
seen at the TII-stage alone at both time points. On the other
hand, considerably higher proportions of oocytes from XY
females were seen at the PN-stage throughout culture. 73% of
oocytes from XY females remained at the PN-stage and only
5% reached the 2-cell stage while 47% of oocytes from XX
females reached the 2-cell stage in 24 hpf. When the proportions
of oocytes at various cell cycle stages were statistically
analyzed, significant differences between the two types of
females were found at all time points examined (χ2-test,
P<0.001). Also, when the mean percentages of oocytes at
individual cell cycle stages were compared, significant diffe-or SrCl2 activation (right). The numbers in parentheses indicate the number of
Fig. 6. Cell cycle progression in the oocytes from XX (a–e) and XY (f–k) females after in vitro maturation for 19 h, SrCl2 activation for 2 h, and further culture.
Immunocytochemical staining of microtubules (green) and DAPI counter-staining of chromosomes (blue). (a) At the MII-stage before activation; microspindles are
assembled in a barrel shape on both sides of condensed chromosomes at the second metaphase plate (arrow). The first polar body is seen on the top. (b) At the AII-stage
(2.5 hpa); condensed chromosomes (arrows) are migrated into the two poles of microspindles. The first polar body is seen on the top. (c) At the TII-stage (4 hpa); a set
of condensed chromosomes (arrow) are extruding from the oocyte. The remnant of the first polar body is seen on the bottom-right. (d) At the PN-stage (4 hpa); one
prominent PN (arrow) has been formed. (e) At the 2-cell stage (24 hpa); two symmetrical blastomeres have been formed after the first cell cleavage. (f) At the MII-stage
(2.5 hpa); chromosomes are condensed at the second metaphase plate (arrow) encompassed by bulky microspindles. The first polar body is seen on the top. (g) At the
AII-stage (2.5 hpa); chromosomes are segregating towards the both poles of microspindles but some are bridging between the two groups (arrowhead in inset). The
first polar body is seen on the top-right. (h) At the TII-stage (2.5 hpa); a group of chromosomes are extruding from the oocyte, but many are bridging between the two
groups of chromosomes (in inset). The first polar body is seen near the segregating chromosomes. (i) At the TII- to PN-stage (4 hpa); a pole of microspindles is
extruding from the oocyte as if at the TII-stage. However, all nuclear materials (arrows) remain within the oocyte. The condensed chromosomes in the first polar body
are seen on the top (arrowhead). (j) At the PN-stage (10 hpa); three PN have been formed (arrows). The remnant of the first polar body is seen at the bottom-right. (k) At
the 2-cell-stage (24 hpa); asymmetrical two blastomeres contain multinuclei (arrows).
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at all time points, deficit in AII- and TII-oocytes at 3.5 and
4.5 hpf, and deficit in 2-cell stage embryos at 24 hpf (unpaired
Student's t-test, P<0.05). Thus, successful second meiotic
division and embryonic development was limited in the oocytes
from XY females after fertilization, similarly to the oocytes after
SrCl2 activation.
Changes in the contents of cyclin B1 and MAPK in oocytes
after SrCl2 activation
The metaphase promoting factor (MPF) and mitogen-
activated protein kinase (MAPK) are two key components
required for the MII-arrest of mature oocytes and their
inactivation is associated with the entry into the AII- and PN-
stages, respectively (Masui and Markert, 1971; Weber et al.,
1991; Verlhac et al., 1994; Moos et al., 1995; Abrieu et al.,
1997; Marangos et al., 2003). Therefore, it was conceivable that
altered levels of these components might have influenced the
cell cycle progression in oocytes after activation. Accordingly,
we compared the contents of cyclin B1, the regulatory subunit
of MPF, and the phosphorylated (active) form of MAPK (P-
MAPK) in the oocytes from the two types of females before and
after SrCl2 activation (Fig. 8). No significant change in the
content of cyclin B1 was seen up to 4 hpa in the oocytes from
both types of females (n=4). On the other hand, the contents of
P-MAPK considerably decreased by 4 hpa in the oocytes from
both types of females (n=4). The contents of the p42 isozyme
were comparable in the oocytes from the two types of females
whereas those of the p44 isozyme were consistently, but not
significantly, lower in the oocytes from XY females at all time
points examined. The contents of total (i.e., phosphorylated andnon-phosphorylated) MAPK remained at a constant level and
no difference was seen between the oocytes from the two types
of females up to 4 hpa (data not shown).
Discussion
Critical role of the cumulus complex in meiotic cell cycle
progression in the oocyte
Our results showed a normal progression of meiotic cell
cycle up to the MII-stage in the oocytes from B6.YTIR females.
Hodges et al. (2002), however, reported various abnormalities
during the G2-MII transition in the oocytes from B6.YPOS
female mice. Both B6.YTIR and B6.YPOS mice are sex reversed
by carrying the Y-chromosomes of Mus musculus domesticus
variants on the B6 genetic background (Eicher et al., 1982;
Nagamine et al., 1987). We believe that this discrepancy was
mainly caused by selection of oocytes for in vitro maturation.
Hodges et al. collected denuded oocytes at the GV-stage and
selected those that underwent GVBD within 2 h of culture for
further studies. We used only oocytes in cumulus complexes
(OCC) and determined their stages at the end of culture.
To verify our hypothesis, we compared the meiotic cell cycle
progression in the oocytes of three types: spontaneously
denuded, mechanically denuded from OCC, and kept in OCC.
Steady meiotic progression was observed in the oocytes in OCC
from both XX and XY females. The resumption of meiosis
(GVBD) was delayed in the oocytes from XY females at 2 h of
culture, but the majority resumed meiosis in 4 h and reached the
MII-stage in 15 h, at a comparable rate as the oocytes from XX
females. Therefore, resumption of meiosis beyond 2 h of culture
did not diminish the success in maturation. On the other hand,
Fig. 7. Cell cycle progression in the oocytes from XX (left) and XY (right) females after in vitro maturation and SrCl2 activation (top) or fertilization (bottom). Mean
percentages of oocytes at individual cell cycle stages are given in columns while the total number of oocytes and number of experiments (in parentheses) are given at
the top of columns. *, **, ***Statistical differences between the oocytes from two types of females by unpaired Student's t-test at P<0.05, 0.01, and 0.001,
respectively.
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oocytes underwent GVBDwithin 2 h, only a small proportion of
these oocytes reached the MII-stage. These results indicate that
the early resumption ofmeiosis does not warrantee the success in
maturation. Furthermore, the oocytes denuded from OCC
showed intermediate patterns, suggesting that the continuous
presence of cumulus complexes is beneficial for meiotic cell
cycle progression. Our results also suggest that oocytes in OCC
from XY females retained cumulus cells until the latter exerted
their major influence on oocyte maturation. If the oocytes in
OCC had lost cumulus cells too early, they would have behaved
like the oocytes denuded from OCC prior to maturation.
Segregation of unpaired sex-chromosomes in the oocyte
In our studies, univalent X- and Y-chromosomes segregated
independently in the oocyte at the first meiotic division. This
result was expected since a tension between the homologous
chromosomes is necessary for securing their segregation to theopposite poles (Nicklas et al., 2001). However, our results
provide two novel aspects of female meiosis in the mouse. First,
all oocytes from XY females underwent intact segregation at the
first meiotic division. This result contrasts with previous
findings in the XO female in which one-third of oocytes
underwent premature equational segregation of the single X-
chromosome (Hunt et al., 1995). This difference suggests that
premature equational segregation is facilitated when a chromo-
some is missing but not necessarily when pairing is missing
with a correct number of chromosomes. Second, we identified a
meiotic drive in the distribution of univalent sex-chromosomes.
The frequency of oocytes retaining one sex-chromosome was
higher than the 50% expected for random segregation. Similar
meiotic drive has been reported in the XO female, in which the
intact X-chromosome is more frequently retained in the oocyte
(LeMaire-Adkins and Hunt, 2000). These authors proposed a
hypothesis that in the event of a difference in pole “weight”, the
“heavier” pole directs chromosomes to remain in the oocyte.
However, in the oocytes from XY females, no preference was
Fig. 8. Western blotting detection of cyclin B1 and phosphorylated MAPK (P-MAPK) in the oocytes from XX and XY females before (0 hpa) or 2.5 and 4.0 hpa after
SrCl2 activation. (a) Examples of Western blottings. (b) In each set of experiment, the band intensity was normalized against that in MII-oocytes from XX females at
0 hpa. The experiments were repeated four times and the mean±SEM is shown in each column. No statistical difference was found between the two types of oocytes at
either time point. (c) Band intensity of two P-MAPK isozymes was analyzed as described in panel b. No statistical difference was found between the two types of
oocytes at any time points examined.
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drive was associated with the number of sex-chromosomes; first
to retain only one sex-chromosome, and second to retain two
sex-chromosomes rather than none. These results support the
hypothesis that the number of centromeres attached to the
spindle pole is critical to direct chromosomes to remain in the
oocytes (Brunet et al., 1999).
Impairment of the second meiotic division in the oocytes from
XY females
Despite the high frequency of sex-chromosome aneuploidy,
the assembly of the first metaphase spindle and subsequent cell
cycle progression in the oocytes from XY females were
comparable to those in the oocytes from XX females. Although
some condensed chromosomes were seen lagging behind in their
movement towards the metaphase plate, such delay did not
appear to disturb the meiotic cell cycle progression in either type
of oocytes. These results support the hypothesis that the female
meiosis lacks chromosome-mediated checkpoint control
(LeMaire-Adkins et al., 1997). However, the second meiotic
division appeared to be impaired in most oocytes from XY
females. After SrCl2 activation, a larger proportion of oocytes
from XY females remained at the MII-stage than the oocytes
from XX females. Meanwhile, a considerable proportion ofoocytes from XY females entered the PN-stage. We suspect that
some oocytes from XY females were relieved from the MII-
arrest, but failed to undergo the second meiotic division.
Furthermore, much smaller proportions of oocytes were seen
at the AII- or TII-stage at any time point, and they often showed
abnormal or incomplete segregation of sister chromatids. The
majority of oocytes eventually entered interphase, but formed
multiple PN and failed to reach the 2-cell stage. These
observations suggest that oocytes from XY females experienced
great difficulty in progressing through the second meiotic
division. After fertilization, a larger proportion of oocytes from
XY females initiated the second meiotic division, compared to
those after SrCl2 activation. This difference may be explained by
the finding that fertilization causes more persistent Ca2+
oscillations than SrCl2 activation does (Swann and Ozil, 1994;
Jellerette et al., 2000). Nonetheless, precocious appearance of
PN-oocytes, deficit in AII–TII or 2-cell stage after fertilization
were consistent with the observations after SrCl2 activation. Cell
cycle progression, particularly the first cell cleavage, was limited
in the oocytes from control XX females after fertilization
compared to those after SrCl2 activation in current studies. This
moderate success in fertilization can be attributed to denudation
of oocytes prior to fertilization and consequent hardening of
the zona layer or to irregular success of in vitro fertilization in
general.
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meiotic division
We do not yet know the cause for the impairment of the
second meiotic division in the oocytes from XY females. Our
results, so far, suggest that at least two stages may be affected.
First, although almost all oocytes from XY females reached the
MII-stage after in vitro maturation, more than half of these
oocytes showed improper microspindle organization; the
spindles were either absent or bulky and lacked pointing
poles. This group of oocytes might represent the oocytes that
entered interphase without undergoing second meiotic division
after activation. However, the remaining MII-oocytes showed
normal microspindles, which cannot explain the significant
deficit in AII–TII or 2-cell stage. Therefore, we believe that
MII-oocytes from XY females have additional defects, which
directly impair sister chromatid separation.
The MII-arrest of mature oocytes depends on MPF and
MAPK activities (Masui and Markert, 1971; Weber et al., 1991;
Verlhac et al., 1994; Moos et al., 1995; Abrieu et al., 1997;
Marangos et al., 2003). Fertilization initiates a cascade of events
involving intracellular Ca2+ mobilization, which transiently
activates the Ca/calmodulin-dependent kinase II and protein
kinase C (Lorca et al., 1991; Miyazaki et al., 1992; Morin et al.,
1994; Gallicano et al., 1993; Winston and Maro, 1995;
Parrington et al., 1996). These changes in the oocyte lead to
the release from the MII-arrest, involving degradation of cyclin
B1 and inactivation of MPF (Weber et al., 1991; Verlhac et al.,
1994). The inactivation of MAPK is apparently not required for
the MII–AII transition, but is indispensable for the first mitotic
cell cycle and consequent embryonic development (Abrieu
et al., 1997).
In our current studies, Ca2+-oscillations occurred similarly in
the oocytes from the two types of females, suggesting that they
have the capacity and intracellular Ca2+-store to respond to
activation stimuli. The subtle abnormality in Ca2+-oscillation
patterns after SrCl2 activation does not explain the impairment
of the second meiotic division, but may indicate a cytoplasmic
defect in MII-oocytes from XY females. We also did not find
significant differences in the content of cyclin B1 or P-MAPK
between the oocytes from two types of females. It has been
reported that the maintenance of cyclin B1 levels, in the balance
between new synthesis and degradation, depends on the
presence of microspindles (Kubiak et al., 1993). Therefore,
we were surprised to find no differences in the MII-oocytes
from XY females. Furthermore, we did not find significant
changes in the content of cyclin B1 during oocyte activation. It
has been demonstrated that an exogenously introduced cyclin
B1 with a GFP reporter construct degrades during the second
meiotic division in the mouse oocyte (Hyslop et al., 2004;
Chang et al., 2004). On the other hand, [35S] methionine-
labeled cyclin B1 does not degrade in the mouse oocyte after
fertilization (Kubiak et al., 1993). It appears that only a fraction
of cyclin B1 degrades in the MII–AII transition, and hence it
does not reflect in the total content of cyclin B1. As expected, P-
MAPK levels decreased by 4 hpa, at which time point the
majority of oocytes from either XX or XY females enteredinterphase. However, the significant contribution of PN oocytes
at 2.5 hpa or MII-oocytes at 4 hpa in the oocyte population from
XY females did not influence the content of P-MAPK. These
results do not agree with the report that MAPK inactivation is
required for nuclear membrane assembly in the mouse oocyte
after fertilization (Moos et al., 1995, 1996). We considered the
possibility that in vitro matured oocytes do not have molecular
controls as precise as in vivo matured oocytes. Consequently,
we collected ovulated oocytes from XX females and activated
them. Although almost all oocytes entered interphase by 4 hpa,
P-MAPK levels did not decrease until 6 hpa (data not shown).
MAPK inactivation does not appear to be tightly associated
with PN formation in the B6 strain. Further studies are required
to identify the molecules responsible for the impairment of the
second meiotic division in the oocytes from XY females.
Prospects
Aneuploidy is a major cause of spontaneous abortion in
women of all ages, and more so in older women. It may be
caused by unequal segregation of homologous chromosomes at
the first meiotic division or that of sister chromatids at the
second meiotic division (Kuliev and Verlinsky, 2004). It has
been suggested that recombination of homologous chromo-
somes during the meiotic prophase in fetal life may influence
the frequency of aneuploidy at meiotic divisions in adult life
(Lamb et al., 1996; Revenkova et al., 2004). Our current results
confirmed that the lack of pairing between the X- and Y-
chromosomes lead to aneuploidy. However, the impairment in
the second meiotic division cannot be explained by the sex-
chromosome aneuploidy in our XY female mouse model. We
speculate that the presence of the X- and Y-chromosomes in the
oocyte leads to a cytoplasmic defect that impairs the second
meiotic division. It would be interesting to compare the meiotic
events in the oocytes of XY female mice with different causes of
sex reversal. For example, our mouse strain carries an intact Y-
chromosome and expresses Sry, the primary testis-determining
gene on the Y-chromosome, during gonadal sex differentiation
(Lee and Taketo, 1994; Taketo et al., 2005). On the other hand,
other two strains of XY female mice have either deletion or
repression of Sry during gonadal sex differentiation (Lovell-
Badge and Robertson, 1990; Capel et al., 1993). Subsequently,
these XY females become semifertile and transmit their Y-
chromosomes to offspring. It is conceivable that the different
configuration of the Y-chromosome influences the pairing
between the X- and Y-chromosomes and their transcriptional
activities during the meiotic prophase and eventually chromo-
some segregation during meiotic divisions in adult ovaries
(Mahadevaiah et al., 1993; Turner et al., 2005). Although XY
women are infertile in humans, our understanding of the second
meiotic division would be promoted by further studies of the
defects in the oocytes of XY female mice.
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